We previously reported that (-)-epigallocatechin-3-gallate (EGCG) and grape seed extract (GSE) at high concentration nearly blocked intestinal iron transport across the enterocyte. In this study, we aimed to determine whether small amounts of EGCG, GSE, and green tea extract (GT) are capable of inhibiting iron absorption, to examine if ascorbic acid counteracts the inhibitory action of polyphenols on iron absorption, and to explore the mechanisms of polyphenol-mediated apical iron uptake and basolateral iron release. An 55 Fe absorption study was conducted by adding various concentrations of EGCG, GSE, and GT using Caco-2 intestinal cells. Polyphenols were found to inhibit the transepithelial 55 Fe transport in a dosedependent manner. The addition of ascorbic acid offset the inhibitory effects of polyphenols on iron transport. Ascorbic acid modulated the transepithelial iron transport without changing the apical iron uptake and the expression of ferroportin-1 protein in the presence of EGCG. The polyphenol-mediated apical iron uptake was inhibited by membrane impermeable Fe 2+ chelators (P , 0.001), but at a low temperature (48C), the apical iron uptake was still higher than the control values at 378C (P , 0.001). These results suggest that polyphenols enhance the apical iron uptake partially by reducing the conversion of ferric to ferrous ions and possibly by increasing the uptake of polyphenol-iron complexes via the energyindependent pathway. The present results indicate that the inhibitory effects of dietary polyphenols on iron absorption can be offset by ascorbic acid. Further studies are needed to confirm the current findings in vivo.
Introduction
Dietary polyphenolic compounds are known for their beneficial effects on health (1) (2) (3) (4) , mainly from their antioxidative properties. Their antioxidant activities have been shown to be dependent on the ability of their constituent phenolic compounds to scavenge free radicals and chelate metals such as iron (5, 6) . Tea and red wine are thought to be important sources of these compounds. Tea, made from the leaves of the plant Camellia sinensis, is a popular beverage worldwide. The beneficial effects of green tea are attributed to its polyphenolic compounds, particularly the catechins. (-)-Epigallocatechin-3-gallate (EGCG), 3 the most abundant green tea catechin, is the most bioactive disease-preventing polyphenol compound in green tea. In contrast, the phenolic compounds in grape seed extract (GSE) have 1 or more aromatic rings, which contain hydroxyl groups in different patterns. They vary in size from small simple molecules to huge polymerized complexes. However, the problem with some polyphenolic compounds is their effects on reducing iron absorption when included in the diet; multiple galloyl groups are responsible for inhibiting iron absorption from foods. Evidence suggests that polyphenolic compounds may be partly responsible for the low iron bioavailability in many vegetables (7, 8) .
Dietary ferric ion in the lumen is thought to be reduced to ferrous ion by either ferrireductase (duodenal cytochrome b) activity on the cell surface (9) (10) (11) or exogenous dietary reducing agents, such as ascorbic acid (9) . Iron is then transported across the apical membrane via the apical iron transporter, divalent metal transporter-1, into the enterocyte (12, 13) . The newly acquired iron is then distributed to the basolateral surface or to iron-binding proteins (e.g. heme, nonheme iron-binding proteins, and ferritin). Finally, the newly obtained iron is transferred across the basolateral membrane of the enterocyte via the iron exporter, ferroportin-1 (14) (15) (16) , and then it is oxidized to ferric ion by ferroxidase hephaestin (17) on the basolateral surface prior to release into the circulation.
The amounts of extracted polyphenols in green tea are variable and depend on many factors, including the brew conditions (18) . The concentration of polyphenols in wine also varies. Red wine contains more polyphenolic compounds than white wine (19) . We previously reported that selected dietary bioactive polyphenols, EGCG and GSE, nearly block the transepithelial iron transport by decreasing basolateral iron release in the enterocyte (20, 21) when they were added at a high level. However, previous studies did not, to our knowledge, evaluate the minimum dietary levels of polyphenols needed to inhibit iron transport across the enterocyte. Thus, the present study aimed to examine the relationship between the amount of polyphenolic compounds and the extent of inhibition on mucosal iron transport. Additionally, the effect of green tea extract (GT) on mucosal iron transport was also studied. The GT contains EGCG and other flavonoids, such as epicatechin gallate (ECG), epigallo catechin, epicatechin, and catechin. Ascorbic acid markedly enhances the absorption of dietary iron and strongly counteracts the inhibitory effects of dietary factors, such as phytate. Thus, another purpose of the present study was to examine the possibility of counteracting the inhibition of polyphenolic compounds on mucosal iron transport by adding nutritionally realistic amounts of ascorbic acid. Most dietary factors are known to affect intestinal iron absorption by modulating the apical iron uptake from the gastrointestinal lumen. However, previous results indicate that EGCG and GSE may inhibit iron absorption by preventing the exchange of Fe to the basolateral transfer mechanism. EGCG and GSE were shown to decrease the transepithelial iron transport across the enterocyte by decreasing the basolateral iron release and increasing the apical iron uptake in the enterocytes. This finding was unexpected, and the mechanism of EGCG and GSE on iron absorption remains to be elucidated. Thus, the 3rd objective of the current study was to explore the mechanism by which bioactive polyphenols enhance apical iron uptake and decrease basolateral iron release.
Materials and Methods
Reagents. Tissue culture media, HBSS, glutamine, nonessential amino acids, and penicillin/streptomycin were purchased from Invitrogen. FBS was obtained from Hyclone. EGCG (TEAVIGO, purity . 95%), GSE, and GT were purchased from DSM Nutritional Products, Partoeno, and Pharmanex, respectively. The chemical characteristics and degree of polymerization for the GSE and GT used in these studies have been documented (22, 23) . The 55 Fe (as FeCl 3 ) was purchased from PerkinElmer. Unless otherwise noted, all other reagents were purchased from Sigma Chemical, Fisher Scientific, or VWR.
Caco-2 cell culture. The human Caco-2 cell line was purchased from American Type Culture Collection. Stock cultures were maintained as previously reported (20, 21) . For the experiments, cells were cultured on microporous membrane inserts (4.9 cm 2 , BD Biosciences) that were coated with collagen and used after d 17 postconfluence for experiments as previously described (20, 21) .
55
Fe transport and uptake. Transepithelial iron transfer from the apical compartment to the basolateral compartment and cellular iron accumulation were determined as previously detailed (9, 20) . Briefly, cells were incubated at 378C with 1. 2 solution was prepared, the indicated polyphenolic compounds were added and mixed and then ascorbic acid (or other testing compounds) was immediately added. The mixed test solutions were immediately placed on cells for the iron transport and uptake studies. The effect of polyphenolic compounds and ascorbic acid on the solubility of iron in iron uptake buffer was determined by measuring the radioactivity levels in vortexed aliquots before and after centrifugation at 10,600 3 g for 10 min at 208C. The effect that the order of adding the polyphenols and ascorbic acid to the iron uptake buffer has on the apical uptake and the transepithelial transport of Fe was also assessed by adding polyphenols before or after the ascorbic acid to the 55 Fe solution. The integrity of tight junctions between cells was monitored by measuring transepithelial electric resistance and phenol red transport; any leaking cell monolayers were discarded. Cellular levels of 55 Fe were measured as previously detailed (20) . A green tea bag contains up to 20-200 mg EGCG. The contents of the extracted polyphenols in tea are dependent on the origin of tea, the manufacturer, and the brew conditions, which include water temperature, brew time, and tea:water ratio (18) . Thus, a cup of green tea can provide various amounts of EGCG, ranging from~1-2 mg to a maximum of 200 mg. Most GSE supplements contain 100-500 mg GSE/capsule. However, red wine contains~132-366 mg/L of catechin equivalents and white wine contains 5-13 mg/L of catechin equivalents (19) . Because the total gastric volume during meals can range from 1 to 2 L depending on the amounts of meal consumed (24) , the concentrations of polyphenols (0.46-46 mg/L) used in the present study are within practical ranges. To study the temperature effect, uptake experiments were performed as described above at 48C.
The effect of Fe
2+ chelator on polyphenolic compound-mediated apical iron uptake. To investigate the mechanism by which bioactive polyphenols enhance the apical nonheme iron uptake, 100 mmol/L of membrane-impermeable Fe 2+ chelators, bathophenanthroline disulfonate (BPS) and ferrozine (FZ), were added in the apical compartment in the presence of 46 mg/L of EGCG and GSE. After 3 h of incubation, the apical iron uptake was assessed.
Western-blot analysis. After the cells were incubated for 3 h with the various polyphenolic compounds in the presence or absence of ascorbic acid, protein samples were extracted and the expression of the ferroportin-1 protein was assessed as previously described (25) .
Statistical analysis.
Values were expressed as means 6 SEM. The experiments were repeated 3-6 times with 3-6 wells for each test variable. Data were analyzed using a 1-way or 2-way (treatment 3 time) ANOVA with Bonferroni's multiple comparison tests post hoc for multiple comparisons using Prism 5.0 software (GraphPad). Data were log-transformed as necessary to attain homogeneity of variance and data are reported as nontransformed means. The REG (regression) procedure was used to perform simple linear regression analyses ( Table 1) . Differences were considered significant at P , 0.05.
Results
Dose-dependent effects of polyphenolic compounds on the transepithelial iron transport. The solubility of Fe was not changed when polyphenols were added to the uptake buffer. The amount of 55 Fe in the supernatant of the samples containing EGCG, GSE, and GT was the same as the amount in the control solution (data not shown). The quantity of 55 Fe transferred from the apical to the basolateral compartment of the Caco-2 cell monolayer linearly increased between 1 and 3 h of incubation, and transport rates [pmol/(h×mg cellular protein)] were calculated using linear regression analysis (r 2 . 0.97) ( Table 1 ). The addition of EGCG to the uptake buffer decreased the rate of 55 Fe transfer across the cell monolayer in a dose-dependent manner (P , 0.05) ( 1A-C) . During the 3-h incubation, the transepithelial iron transfer across the cell monolayer decreased with the addition of 0.46, 4.6, and 46 mg/L (1, 10, and 100 mmol/L, respectively) of EGCG (51, 93, and 96%, respectively) (P , 0.001) (Fig. 1A) . The transepithelial iron transport was also decreased in the presence of 4.6 and 46 mg/L GSE (19 and 90%, respectively) during the 3-h transport assay (P , 0.05) (Fig. 1B) . Similarly, iron transport was decreased with the addition of 4.6 and 46 mg/L GT (31 and 90%, respectively) during the 3-h incubation (P , 0.05) (Fig.  1C) . The addition of bioactive dietary polyphenols did not alter transepithelial electric resistance values, which confirmed the integrity of the monolayer for the EGCG-, GSE-, or GT-added cells.
GSE and GT increase apical iron uptake in a dosedependent manner. The addition of EGCG, GSE, and GT to the iron uptake solution enhanced iron uptake across the brush border membrane and its assimilation by Caco-2 cells during the 3-h incubation (P , 0.001) (Fig. 2) . The addition of GSE and GT enhanced the apical iron uptake in a dose-dependent manner (P , 0.001). The apical iron uptake increased in the presence of 0.46, 4.6, and 46 mg/L of GSE (0.4-, 1.5-, and 16.2-fold, respectively) compared with the control values (P , 0.001) (Fig.  2B) . Similarly, the apical iron uptake was enhanced by the addition of 0.46, 4.6, and 46 mg/L of GT (0.6-, 3.3-, and 15.3-fold, respectively) (P , 0.001) (Fig. 2C) . The apical iron uptake was tremendously increased in cells that were exposed to very small amounts of EGCG (0.46 mg/L) (26.3-fold of control) (P , 0.001), but it was enhanced by a much smaller amount in cells that were exposed to 4.6 or 46 mg/L of EGCG (7.8-and 6.3-fold, respectively) (P , 0.001) (Fig. 2A) .
Ascorbic acid offsets the inhibitory action of polyphenols on iron transport across the cell monolayer. The solubility of Fe was the same when ascorbic acid was also added to the uptake buffer, and it was not changed when EGCG and GSE were added to the uptake buffer containing ascorbic acid (data not shown). The transepithelial transport and apical uptake of iron were not affected by the order of addition of polyphenols and ascorbic acid to the uptake buffer. The addition of 500 mmol/L ascorbic acid offset the inhibitory action of EGCG on iron transfer across the cell monolayer without modulating apical iron uptake. Ascorbic acid completely reversed the inhibitory effect of EGCG on iron transport when a low concentration of EGCG (0.46 mg/L = 1 mmol/L) was applied. The transepithelial iron transport was decreased by 91 and 93% in the presence of 4.6 and 46 mg/L EGCG, respectively, compared with the control cells without ascorbic acid (P , 0.001). However, the inhibitory action was alleviated to 13 and 83% with the addition of 500 mmol/L ascorbic acid during the 3-h incubation (Fig. 3A) . The transepithelial iron transport was enhanced by ascorbic acid in the presence of 0.46 or 4.6 mg/L of GSE (2.9-and 2.2-fold, respectively) compared with the control cells without ascorbic acid (Fig. 3B) . The apical uptake of 55 Fe was markedly increased by ascorbic acid in the presence of lower concentrations of GSE (#4.6 mg/L) (P , 0.001) (data not shown). Although the iron transport across the cell monolayer was not affected by small amounts of polyphenols (0.46 mg/L) in the presence of ascorbic acid, the transepithelial iron transport was still decreased when the levels of polyphenols were $4.6 mg/L. The addition of ascorbic acid increased both the transepithelial transport and the apical uptake of iron in the control samples (P , 0.001).
Addition of a Fe
2+ chelator reduces EGCG-and GSEmediated apical iron uptake. The addition of a membraneimpermeable Fe 2+ chelator, BPS, reduced the apical 55 Fe uptake in the presence and absence of EGCG and GSE during the 3-h incubation period (P , 0.001) (Fig. 4) . Similarly, the addition of FZ, another membrane-impermeable Fe 2+ chelator, also reduced the apical 55 Fe uptake in the presence of EGCG and GSE (P , 0.001) (data not shown).
EGCG and GSE enhance apical iron uptake at 48C. The apical iron uptake decreased by 90% in cells incubated at 48C compared with that at 378C in control cells (P , 0.001). The EGCG-and GSE-mediated apical 55 Fe uptake also decreased when cells were incubated at 48C compared with that at 378C (P , 0.0001). The EGCG-and GSE-mediated apical iron uptake at 48C was still 269 and 62% higher, respectively, than the control values at 378C (P , 0.0001) (Fig. 5) .
Effects of ascorbic acid and polyphenols on the expression of ferroportin-1 in Caco-2 cells. The expression of ferroportin-1 was not changed by ascorbic acid, EGCG, GSE, GT, or a cocktail of ascorbic acid and each of these polyphenols (data not shown).
Discussion
Flavonoids can form 1:1, 2:1, and 3:1 complexes with iron, and the relative proportion of each form depends on the concentration of both metal and flavonoids and the pH of the solution. Under the current experimental condition of 10 mmol/L iron, the 2:1 species would predominate when 100 mmol/L flavonoids are provided. Many flavonoids, such as EGCG and ECG, possess more than 1 metal-binding site and, therefore, are capable of concatenation of monomeric flavonoids with the metal cations, which results in flavonoids that are less prone to partition into the membrane (26) . The metal cations that link the flavonoid subunits together will also be unable to enter the cell through metal ion transporters. However, EGCG, GT, and GSE increased the apical iron uptake in the current study. A plausible explanation for the increased apical iron uptake is that membranepermeable flavonoid-iron complexes are formed in addition to membrane-impermeable flavonoid-iron polymers/oligomers. Iron may also initially form the 2:1 iron:EGCG complex, which may be able to enter the cell. A well-controlled kinetic study showed that the complex formation reactions of Fe 3+ with EGCG resulted in the formation of 2:1 metal EGCG complexes when the ratio of [Fe]:[EGCG] was 10:1 (27 (28) . In this study, the apical iron uptake was much higher when EGCG was added at a low concentration than at higher concentrations. It is possible that at low EGCG concentrations most EGCG may form complexes with iron (as Fe 2+ or Fe 3+ ) as 2:1 iron:EGCG complexes, and at high EGCG concentrations, EGCG may form either 2:1 iron:EGCG complexes or polymerized forms of the 1:2 iron EGCG complex that cannot enter the cell. Thus, at a low EGCG concentration, iron may enter the cell as either free Fe 2+ or as 2:1 iron:EGCG complexes. Conversely, at high EGCG concentrations ($4.6 mg/L), iron may enter the cells as 2:1 iron:EGCG complexes and, possibly, as less polymerized forms of the 1:2 iron EGCG:complex. These iron atoms that enter the cells complexed with flavonoids will add to the pool of labile iron and, once the flavonoid has been FIGURE 2 A dose-dependent effect of EGCG (A), GSE (B), and GT (C ) on the apical iron uptake in fully differentiated Caco-2 cells during 3-h incubation. Values are means 6 SEM, n = 6 or 3 (EGCG). Means without a common letter differ, P , 0.05.
Ascorbate and polyphenols on iron absorption 831 metabolized, to the free iron pool. It can be either Fe 2+ or Fe 3+ . This increase in free iron should not suffice to produce significant increases in the total basolateral iron release, as observed in cells treated with EGCG, GSE, and GT.
GT and GSE contain various catechins and procyanidins (22, 23) . GT contains 97% pure polyphenols, 65% of which are catechins, including $38% of EGCG, $15% of ECG, $6% of EGC, epicatechin, gallocatechin gallate, gallocatechin, catechingallate, and catechin. GSE consists of a mixture of many polyphenols with procyanidin dimers as a major component (62% by weight), followed by catechin (;13%), procyanidin trimer (;11%), epicatechin (;8%), procyanidin tetramer (;6%), and ECG (;1%). Whereas the apical iron uptake was positively associated with the amounts of GT and GSE in the uptake buffer, the basolateral iron transport was negatively associated with these amounts. A plausible explanation for the minimal effects of GT and GSE on the apical uptake and transepithelial transport of iron at a low level (0.46 mg/L) of GT and GSE may be due to the low concentration of polyphenols in these compounds.
Interestingly, the inhibitory effect of EGCG at 0.46 mg/L was much higher than that of GT at 4.6 mg/L, which contains 4 mmol/L EGCG. The apical iron uptake was much higher in the presence of 0.46 mg/L EGCG than that in the presence of 4.6 mg/L GT, which contains an ignorable amount of ascorbic acid. A plausible explanation for this unexpected result is that once iron is reduced to Fe 2+ by polyphenols in GT, it may form complexes with the smaller flavonoids, such as catechin and epicatechin, and these iron-flavonoid complexes enter the cells. Inside the cell, Fe 2+ may be released from the flavonoids and be transported across the basolateral membrane.
Ascorbic acid is known to enhance nonheme iron absorption by enhancing the apical iron uptake by reducing dietary ferric to ferrous ion in the gastrointestinal lumen. However, the addition of ascorbic acid increased the basolateral iron release by 1.7-, 8.9-, and 1.1-fold without changing the apical iron uptake in the presence of 0.46, 4.6, and 46 mg/L EGCG, respectively. Under the given experimental conditions, 10 mmol/L Fe 3+ was completely reduced to Fe 2+ in the presence of 500 mmol/L ascorbic acid (29) . EGCG was capable of chelating 42 and 78% of Fe 2+ at 10 and 100 mmol/L concentrations, respectively, when 10 mmol/L Fe 2+ was provided (20) . Thus, most of the iron that entered the cell was Fe 2+ bound to EGCG or free iron. The iron that entered the cell as free Fe 2+ can be transferred across the basolateral membrane of the enterocyte. In addition, Fe 2+ that entered the cell as iron complexed with EGCG will be released to the iron pool after EGCG has been metabolized, and then it will be exported through the basolateral membrane. The ratio of total iron atoms:EGCGiron-binding sites would be higher than 1 inside the cell.
As previously reported (20) , the apical iron uptake was increased in Caco-2 cells by dietary polyphenolic compounds. The effects of EGCG, GSE, and GT on the apical iron uptake were comparable to that of ascorbic acid. Ascorbic acid stimulated the apical iron uptake by reducing dietary ferric ion to ferrous ion, and the ascorbic acid-mediated apical iron uptake was completely blocked by a high affinity chelator of Fe 2+ (9) . To examine whether the increased apical iron uptake from solution containing the polyphenolic compounds was associated with a change in the ratio of Fe 3+ :Fe 2+ , a membrane-impermeable, high affinity chelator of Fe 2+ , BPS, was added to iron uptake solutions containing either EGCG or GSE. The EGCG-and GSE-mediated apical iron uptake was decreased by 42 and 47%, respectively, by BPS. Similarly, FZ, another membrane-impermeable chelator of Fe 2+ , also reduced EGCG-and GSE-mediated apical iron uptake (P , 0.001). We previously reported that the addition of 46 mg/L EGCG and GSE reduced 14.3 and 15.4% of Fe 3+ , respectively, when 10 mmol/L Fe 3+ (NTA) 2 was applied (20) . The present findings indicate that EGCG and GSE induce apical iron uptake partially by reducing Fe 3+ to Fe 2+ . The free Fe 2+ may enter the cell via an active iron transport pathway through divalent metal transporter-1 and may form complexes with polyphenols inside the cell. Another possible mechanism by which polyphenolic compounds increase the apical iron uptake is that polyphenols may form complexes with Fe 2+ or Fe 3+ in the apical compartment and enter the cell as complexes, as discussed above. As we previously reported (20) , EGCG and polyphenols in GSE are able to chelate metals, including iron (5, 26, (30) (31) (32) (33) .
Because the polyphenol-mediated apical iron uptake was only partially reduced with the addition of the Fe 2+ chelator, we evaluated the apical uptake of 55 Fe at 48C to address the question of whether Fe-polyphenol complexes can enter the cells across the apical membrane of enterocytes at a low temperature. The apical iron uptake was almost completely blocked when cells were incubated at 48C compared with the control cells that were incubated at 378C in the absence of polyphenols (Fig. 5) . The polyphenol-mediated apical iron uptake was also reduced when cells were incubated at 48C (P , 0.001). However, the EGCG-and GSE-mediated apical iron uptake at 48C was still higher than the control values at 378C (P , 0.001), indicating that some of polyphenol-iron complexes enter the cell via an energy-independent pathway. It was previously suggested that EGCG uptake mainly occurs by a passive diffusion process in HT 29 cells (34) . The apical EGCG uptake was concentration dependent and did not plateau even at a concentration of 294 mg/L (34) . These data, along with the current results, suggest that polyphenol-iron complexes enter the cell through a facilitated diffusion pathway.
The addition of ascorbic acid offset the inhibitory effects of polyphenolic compounds on the basolateral iron release without modulating the apical iron uptake. Because iron is released across the basolateral membrane of the enterocyte by ferroportin-1, the expression of ferroportin-1 was assessed in cells exposed to uptake solution that contained ascorbic acid, polyphenols, or a cocktail of ascorbic acid and polyphenolic compounds during the iron transport study. Neither ascorbic acid nor polyphenols altered ferroportin-1 expression. These findings suggest that the addition of ascorbic acid increases the basolateral iron release without modulating the expression of the iron-exporting protein, possibly by increasing the cellular iron pool, which is available for the basolateral iron exporter, ferroportin-1, in the enterocyte. The levels of hephaestin and ferritin proteins were not changed by ascorbic acid, EGCG, GSE, or GT during the iron transport study (Q. Ma and O. Han, unpublished data).
The present study shows that dietary bioactive polyphenols inhibit iron transport in a dose-dependent manner. Small amounts of polyphenolic compounds are also able to reduce iron transport across the intestinal enterocyte. Interestingly, the inhibitory effect of EGCG on iron transport was alleviated when EGCG was added with other catechins, such as GT. The inhibitory effect of dietary polyphenolic compounds on nonheme iron transport was offset by ascorbic acid. Our current results suggest that polyphenols enhance apical iron uptake partially by reducing ferric to ferrous ion and by increasing the uptake of polyphenol-iron complexes via an energy-independent pathway. Interestingly, ascorbic acid enhances iron transport across the cell monolayers without changing the apical iron uptake and ferroportin-1 expression in the presence of EGCG. The interactions of ascorbic acid and polyphenols with iron inside the cell remain to be explored. The mechanism by which polyphenols enhance the apical iron uptake and decrease the basolateral iron release should be further defined.
